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Quantitative investigation of the reaction of the ferri-heme model
compound FeIII(TPPS)(H2O)2 (1) to give FeII(TPPS)(NO) (2) (TPPS
) tetra(4-sulfonato-phenyl)porphinato) in buffered aqueous solution
demonstrates a slow pH-independent reductive nitrosylation
pathway in the pH range 4−6. The rate of this reaction is subject
to modest general base catalysis. In the course of this study, a
surprising catalytic pathway whereby nitrite ion (NO2

-) strongly
catalyzes the reduction of 1 to 2 under reductive nitrosylation
conditions was demonstrated.

Nitric oxide (nitrogen monoxide) serves important roles
in mammalian biology involving interactions with metals.1

Notably, the reaction of NO with an oxidizing metal center
can lead to reductive nitrosylation, that is, reduction of the
metal concomitant with nitrosylation of a nucleophile X-

(eq 1). This behavior has been demonstrated for various
biologically relevant metals including the iron(III) of certain
ferri-heme proteins2,3 as well as the copper(II) centers in
model complexes4 and the metalloproteins cytochromec
oxidase and laccase.5 Recent reports have also suggested that
reductive nitrosylation is playing roles in the thiolnitrosyla-
tion of hemoglobin and in the heterogeneous reaction of red
blood cells with NO released by the endothelium for blood
pressure control.6

In this context, Hoshino et al.3 studied the reductive
nitrosylation kinetics of several ferri-heme proteins, including
met-hemoglobin (met-Hb) and met-myoglobin, when ex-
posed to NO at solution pHs>7 (eq 2). The reaction rates

displayed first-order dependence on the (very low) hydroxide
concentration; thus, nucleophilic attack of OH- at the ferri-
heme nitrosyl (formally, FeII(NO+) was proposed as a key
step in the reductive nitrosylation. Coordination of NO leads
to charge transfer to the FeIII center;7 thus, the ligand is more
electrophilic than free NO.

Notably, met-Hb also undergoes reductive nitrosylation
via a pH-independentpathway.3 The present quantitative
investigation of the reaction of the ferri-heme model
compound FeIII (TPPS)(H2O)2 (1) to give FeII(TPPS)(NO) (2)
(TPPS) tetra(4-sulfonato-phenyl)porphinato) (eq 2) was
initiated with the goal of a more complete elucidation of
possible pH independent mechanisms.8 In the course of this
study, we have demonstrated a surprising catalytic pathway
whereby nitrite ion (NO2-) strongly catalyzes this reaction.

The kinetics for the reductive nitrosylation of FeIII (TPPS)-
(H2O)2 were evaluated over the pH range 3-6 using various
buffers at 298 K, under which conditionsµ-oxo dimerization
of FeIII (TPPS) is minimal.9 Equilibrating a buffered aqueous
solution of1 with NO (760 Torr, [NO]) 1.9 mM) led to
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the rapid formation of an equilibrium mixture of1 and the
ferric nitrosyl complex FeIII (TPPS)(NO) (3) (K1 ) (1.32(
0.09) × 103 M-1)10 followed by slower reduction to the
ferrous analogue2 (eq 3). The spectral evolution in such an
experiment (Figure 1) shows the shift of the Soret band from
that of 3 (λmax 422 nm) to that of2 (412 nm) as well as
characteristic temporal changes in the Q-band region (500-
650 nm). Modest ionic strength (µ) dependence was found
for the reductive nitrosylation kinetics (the rate is 45% faster
at µ ) 0.10 M than at 0.26 M), soµ was maintained at 0.1
M.

According to this model, the kinetics should follow the
behavior indicated by eq 4

wherekred may represent the sum of several terms (see a
following discussion) and [FeIII ] is the sum of [1] and [3].
This predicts that (with other parameters held constant),kobs

will increase linearly with [NO] at low concentrations but
will approach the limiting valuekred at high [NO]. This
behavior was indeed evident when [NO] was varied in a
manner consistent with the value ofK1 described. The
experiments reported here were largely carried out at [NO]
) 1.9 mM; thus, under these conditions,kred ) {(1 + K1-
[NO])/K1[NO]} × kobs ) 1.40kobs (see eq 4).

In the pH range 4-6, kred proved to be dependent on the
identity of the buffer used as well as linearly dependent on
the buffer concentration. Similar behavior was noted previ-
ously with regard to NO reduction of the copper(II) complex
Cu(dmp)22+ (dmp) 2,9-dimethyl-1,10-phenanthroline) and
was attributed to general base catalysis.4 At constant and
near limiting [NO],kred ) k0 + kbuffer[buffer], wherekbuffer is
derived from the slopes of plots ofkobs versus [buffer] and
k0 from the intercept at [buffer]) 0. For example, the value
of kbuffer for the acetic acid/sodium acetate (HOAc/NaOAc)
buffer at pH 5.0 was 2.4× 10-3 M-1 s-1. Thek0 term would
be the sum of contributions due to reaction with water (kH2O)
and with hydroxide (kOH[OH-]). However, for these low pH
solutions, direct reaction with OH- appears to be insignifi-
cant, becausekobsvalues measured in 20 mM HOAc/NaOAc
buffers were nearly identical at pH 4.0 ((2.36( 0.30) ×
10-4 s-1) and pH 5.0 ((2.14( 0.37) × 10-4 s-1). This
behavior is consistent with the mechanism indicated by
Scheme 1 (L′ ) H2O), where the role of general base
catalysis is suggested to activate H2O toward reaction with
the coordinated NO.

Nitrite ion is not only a reaction product but is also a
common impurity in aqueous solutions of nitric oxide.11,12

In this context, we decided to probe the potential effects of
trace amounts of NO2- by examining the kinetics behavior
in the presence of deliberately added NaNO2. Catalysis of
eq 2 by NO2

- was readily apparent as illustrated by the linear
dependence ofkobs on the concentration of added NaNO2

(insert in Figure 1). The slope gives the catalytic rate constant
(knitrite ) 3.1 ( 0.1 M-1 s-1) for the reductive nitrosylation
of 1 in 16 mM aqueous HOAc/NaOAc buffer at pH 4.96
(298 K). A similar value (3.4( 0.1 M-1 s-1) was found in
DESPEN buffer at pH 5.0. In the absence of NO, there was
no reduction of1 by added NO2- alone.Hence, nitrite is
indeed a catalyst for the reduction of FeIII (TPPS) by NO;
given that NO2

- is a reaction product, the system is, in
principle, autocatalytic.
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Figure 1. (a) Optical absorbance changes for reduction of an equilibrium
mixture of1 and3 to FeII(TPPS)(NO) in pH 5.00 HOAc/NaOAc buffered
(20 mM) aqueous solution at 298 K (µtot ) 0.10 M, [NO] ) 1.9 mM). The
first four spectra were taken at 600 s intervals; subsequent scans were
recorded every 1200 s. (b) The inset is a plot ofkobs (for the reduction of
3 to 2) versus the concentration of added NO2

- in HOAc/NaOAc buffer
(16 mM) at pH 4.96 withµ ) 0.1 M and [NO]) 1.9 mM. The catalysis
rate constantknitrite ) 3.1 ( 0.1 M-1 s-1 (1.4 × slope) according to the
relationship betweenkred andkobs (see text).

1 + NO y\z
K1

FeIII (TPPS)(NO)
(3)

98
kred

2 (3)

d(NO2
-)

dt
)

kredK1[NO][FeIII ]

1 + K1[NO]
) kobs[FeIII ] (4)

Scheme 1 a

a Circles represent the TPPS ligand.
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Scheme 2 illustrates a prospective inner sphere mechanism
for the catalytic role of nitrite with NO2- acting as the
primary nucleophile toward the coordinated nitrosyl. A key
intermediate would be the FeII complex of the reactive
nitrogen species N2O3. Dissociation of N2O3 followed by
hydrolysis to nitrous acid would give the reaction products
and regenerate the catalytic nitrite.

A very different potential mechanism is represented by
Scheme 3, in which it is proposed that nitrite catalysis
proceeds via the outer sphere electron transfer from NO2

-

to 1 to give 2 plus NO2. This would be followed by rapid
scavenging of NO2 by NO to give N2O3, which undergoes
hydrolysis.13

At this stage, it is difficult to differentiate these two
mechanisms. There is considerable precedent for Scheme 2,
for example, in the mechanisms explaining the role of
hydroxide in certain ferri-heme protein reductive nitrosyla-
tions. On the other hand, it is not clear why NO2

- would be
a much more effective nucleophile toward coordinated NO
than, for example, acetate ion. With regard to catalysis via

Scheme 3, a negative argument would be that the electron-
transfer step is unfavorable (∆E ) -0.31 V);8 however,
Marcus treatment of potential rates does not unequivocally
exclude this possibility.14

In summary, FeIII (TPPS) undergoes spontaneous reductive
nitrosylation in pH 4-6 solution with rates subject to general
base catalysis but exhibiting no pH dependence. Furthermore,
NO2

- catalyzes the reductive nitrosylation. Nitrite is a
common impurity in aqueous NO solutions, and biomedical
experiments in which aqueous NO is added to an aerobic
system to study biological effects must include undetermined
concentrations of NO2-. The present study emphasizes that
the net effect cannot be assumed to be innocuous. For
example, in the reaction of NO with red blood cells,6 nitrite
may affect both the kinetics and products resulting from the
reductive nitrosylation of met-Hb. Of particular concern
would be the possible role of N2O3, a key intermediate in
both proposed mechanisms (Schemes 2 and 3). Subsequent
reactions of the strong oxidant and nitrosating agent N2O3

might include nitrosylation of a Hb thiol in competition with
the hydrolysis to nitrite. The present results underscore the
general importance of N2O3 and other reactive NOx inter-
mediates and their potential roles in biological transforma-
tions attributed to NO itself.
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